It has been one of the most discussed and intriguing topics -the quest to control neural circuitry as a precursor to decoding the operations of the human brain and manipulating its diseased state. Electrophysiology has created a gateway to control this circuitry with high precision. However, it is not practical to apply these techniques to living systems because these techniques are invasive and lack the spatial resolution necessary to properly address various neural cell components, cell assemblies or even tissues. Here we describe a new instrument that has the potential to replace the conventional patch clamping technique, the workhorse of neural physiology. A Digital Light Processing system from Texas Instruments and an Olympus IX71 inverted microscope were combined to achieve neuronal control at a subcellular spatial resolution. Accompanying these two technologies can be almost any light source, and for these experiments a pair of pulsed light sources that produced two pulse trains at different wavelengths tuned to activate or inactivate selectively the ChR2 and NpHR channels that were cloned to express light sensitive versions in neurons. Fura-2 ratiometric fluorescent dye would be used to read-out calcium activity. The Pulsed light sources and a filter wheel are under computer control using a National Instruments digital control board and a CCD camera used to acquire real time cellular responses to the spatially controlled pulsed light channel activation would be controlled and synchronized using NI LabVIEW software. This will provide for a millisecond precision temporal control of neural circuitry. Thus this technology could provide researchers with an optical tool to control the neural circuitry both spatially and temporally with high precision.
INTRODUCTION:
The ideal way of manipulating neurons would be to reversibly activate and inactivate neuronal firing and thus enable a bi-directional control. Many attempts have been made in the past to have such a tool. The traditional approach for controlling neural circuits generated a local electric field that was highly effective at triggering action potentials in neurons. Although the timing of the electrode stimulation is very precise, its specificity and spatial control are poor. Also, silencing neuronal activity is as important as stimulating it. Ed Boyden described a protein that switches off nerve firing when activated by light. Karl Deissoroth described the fuller story of the protein called NpHR (Natronomonas Pharaonis). This allows for a spatially and temporally precise neural silencing. Earlier, Boyden worked on a channel for positively charged ions (such as calcium) that is found in green algae and is activated by blue light. This channel, ChR2 was transplanted into mammalian neurons and thus it was possible for the first time to stimulate a nerve remotely at speeds closer to normal neuronal transmission. The newly discovered NpHR protein is a chloride pump silencing physiological activity, when activated by yellow light. NpHR, in spite of it being a pump rather than a channel, operates at a speed close to that of ChR2 leading to a close to perfect temporal precision. Thus by using these two proteins to alternately switch the neurons on and off, a bi-directional optical control switch could be obtained. In Zhang, et al's work published in April 2007, groups of neurons (cholinergic motor neurons) were targeted to control bi-directional locomotion. This opened a new gateway for a multimode, high-speed, genetically targeted, all-optical interrogation of living neural circuits 1 . However, there is a need for spatial precision along with temporal precision. This need, lead to a method for precise spatial control of neuronal circuitry along with temporal controls being discussed in this paper. Hence, we would go a step further and interrogate inter-neuronal connectivity apart from targeting clusters of neurons.
The aim of the work presented here is to target individual neurons and their inter-connectivity. For this purpose, a novel instrument was built which is an inter-disciplinary project that includes cutting edge technologies such as the DLP (Digital Light Processing) technology, genetically engineering the embryonic neurons to express two protein channels (NpHR and ChR2) [3] [4] [5] [6] [7] [8] [9] ; isolation and culture of these neurons. This work also used common laboratory techniques such as the fluorescence microscopy and optics.
INSTRUMENTATION:
2.1 DMD and Video cards:
DMD:
The Digital Micromirror Device (DMD) is the heart of the system. The DMD used in the system consists 786,432 micromirrors arranged in a 1024 x 768 matrix. Each mirror is a 16µm x 16µm square with a spacing of 1µm between mirrors. Each mirror of the DMD chip is programmed to tilt to either a + 10 degree or -10 degree position depending on the binary state of the SRAM cell that exists below each mirror 2 . Each individual mirror controls the mirror position using SRAM data stored in the SRAM cell below. The SRAM cell consists of binary data. Thus the mirror is considered to be operating in an electro-mechanical way. The position of a DMD mirror that reflects light to the target was defined to be ON state and the position that reflects light away from the target as the OFF state. The different positions of the individual mirrors determine the direction in which the light was reflected. The reflection from all the mirrors together creates a specific image pattern of the wavelength of light incident from the source. Thus a pattern of light could be generated that could be spatially modulated using the DMD. Control of the illumination and collection of the cone of the pattern is accomplished by using a lens to focus this pattern of light onto the bottom of the petridish as shown in Figure 1 and Figure 2. 
Video cards:
The PCI card of the electrical sub-system consists of external connectors that includes Universal PCI-connector (3.3 V & 5.0V PCI slots), CRT connector or plug and display connector, 100-pin half pitch LCD connector, 40 pin YUV Direct Video Input port, USB Pass through connector and PanelLink Power connector. The card also consists of an EMI suppression filter on analogue CRT signals. It takes a supply voltage of 5.0V ± 5% and its operating temperature range was 0-60°C.Power dissipation is approximately 3-6W.typical and its dimensions are 174mm x 107mmx 18.3mm.
The XGA class of DMD product requires a digital video interface from a computer system. The commercially available video card consists of a PanelLink Video card. The PanelLink output is not used due to excessive pixel clock noise; instead the direct digital outputs are used to interface with the XGA Video Driver Card. The XGA Video Driver Card connects to the XGA Video Receiver Card via a SCSI III cable. In turn, the XGA Video Receiver Card will mate to either the DMD Formatter Board or the Unit Under Test (UUT).
Epifluorescence Microscope subsystem:
Olympus IX71 inverted microscope is used to observe the fluorescence of the two channels. It has a filter turret that can hold six filter cubes. A hole was made in the filter turret and a side cube is used to direct the pattern of light projected from the DMD onto the bottom of the culture dish.
LIGHT SOURCES:

Pulsed Light sources:
X1200 strobe lamps by PerkinElmer were used to flash pulsed light. The flash rate of these lamps is 20Hz. The xenon lamps used allow a light output flash duration of 8-10microseconds. For its operation, an external trigger input with electrical parameters of +5V TTL pulse, 20mA, 10-100microseconds is provided by the digital control board combined with the NI LabVIEW program.
UV light source:
Lightning Cure 200 UV spot Light source (Model No #7212-01) was used for calcium imaging. It is used as a continuous light source with the wavelength switching provided by the filter wheel. The UV light is focused onto the filter wheel and then transmitted through one of the fiber optic cable branches to the optical sub-system.
Camera and Image Acquisition:
Motic camera:
Motic M2000 is a 2.0Mega pixel camera with USB 2.0 PC output digital camera. The still image resolution of the camera is 1240 x 1024. The desired number of pixels can be set using the camera software settings. It is used to obtain images representing true color while eliminating interference and noise completely using the special "Background Calibration" feature. This is a ½" CMOS camera.
Photometrics SenSys camera:
Photometrics SenSys (Model No: KAF1600 G-2) is an air-cooled camera system with the ability to acquire low-light images by integrating (exposing) over long periods of time. The imager in the camera is a scientific-grade charge-coupled device (CCD). It is a 12-bit CCD camera which has a high-speed shutter that maintains a speed of up to 15 frames per second while still fully opening and closing. The shutter takes 5 ms to open and 10 ms to close. The camera integration time (the total time any part of the CCD is exposed) is equal to the shutter open and close times plus the exposure time. Since it can detect 4096 levels of gray, this camera was preferred over the Motic camera for fura-2 imaging which requires identification of subtle differences in intensities.
Filter wheel and controller:
For filter switching, FW103S by Thorlabs is used. This combines the FW103 filter wheel with the TST001 Tcube stepper motor controller. The controller was software timed using NI LabVIEW which controlled the filter wheel through the controller via an APT (Advanced Packaging tool). It has a filter switching time of 250ms and can hold upto 6 filters.
NI LabVIEW software:
NI LabVIEW 8.5 student edition software by National Instruments was used to control the strobe lamps, Photometrics SenSys camera, the filter wheel and the display of images to be transmitted to the DMD chip. IMAQ Vision 8.6.1 Development Module also by National Instruments was used in conjunction with NI LabVIEW 8.5 for image display.
Digital control board:
NI USB-6008 was used to physically trigger the hardware equipment used on the system. It has 12 digital I/O lines that can be used to send TTL pulses to trigger the strobe lamps and the Photometrics SenSys camera.
CPU:
A T3400 CPU was used to control the software timing of the system. It is a 64-bit computer workstation. However, a 32-bit operating system was installed to run the computer as NI LabVIEW 8.5 and the supporting software is 32 bit. It supports dual native PCIe X16 graphics slots for dual monitors. Thus PCI cards for Photometrics SenSys camera and DMD video cards could be installed in this computer. An external power supply was connected to the DMD video card to run the latter efficiently.
Fiber optic cable:
An Oriel 77536 Trifurcated glass bundle was used to deliver light from three different sources. Each leg of a trifurcated bundle receives 27% of the total incident radiation (approximately 4% is reflected at the input and output and packing fraction is 0.9). Notable is the transmittance at 470nm and 580nm.It is around 45-50%. This fiber optic cable however does not transmit UV light for fura-2 measurements. The fiber optic cable discussed here can be used for fluo-3 measurements which gives a qualitative measure of Calcium unlike fura-2 which is quantitative. A custom made fiber optic cable for fura-2 measurements is being ordered from Oriel.
Environmental chamber:
An aluminum Environmental chamber wrapped with a thermal heating pad was used in order to maintain the optimum environmental condition for live cells. The thermal pad was used to provide temperature control (part number 2001 Model VI Kendrick Astro Instruments, Canada). A flow gas control was also added to this setup and mounted to the microscope stage. The diameter of this stage is 10cm and its height is 5cm. A close fitting plexiglass lid contains two holes to which gas is flowed to maintain optimal life support conditions for live cells. The temperature control system can warm the petridish of cells in the environmental chamber to a maximum of approximately 42C. The experiment will be conducted at 37°C, as required by the mammalian cells. In order to maintain the 5% CO 2 environment required by the mammalian cell culture, a Blood gas mixture (5% CO 2 + 21% oxygen+ 74% nitrogen) (Airgas Incorporated (UN 1956)) is used. A gas pressure regulator is used to adjust the gas flow rate.
Genetically engineered neurons:
In order to obtain viable neuronal cells in tissue culture primary neurons from embryonic mice are isolated and subsequently plated in culture dishes using specialized neurobasal medium. The brains are dissected to separate mainly cerebral and hypothalamic cells in culture. After a few days under optimal incubator conditions the neurons are attached to the bottom of the dish and recovered from the stress of plating. Following this, lentiviral particles can be applied in order to deliver constructs carrying DNA vectors coding for the light gated ion channel and pump, respectively. To generate virus particles the target DNA is cloned in a set of viral construction plasmids which are simultaneously transfected into 293T cells. These cells start producing and assembling lentiviral particles upon transfection and secrete them into the surrounding medium which is collected. Optionally, the virus titer could be increased by concentration methods. 48 to 72 hours after virus application, the neurons start expressing the channels which can be tracked by checking for fluorescence of the tags attached to the channels.
Optical subsystem to integrate DMD and microscope:
The optical sub-system was made of light sources, an illumination sub-system, a DLP sub-system and a light collecting lens. This set of optics is required to integrate the two technologies: DMD and the microscope as described in the following section.
SYSTEM DESIGN AND INTEGRATION:
3.1. Spatial control:
Optical setup:
The optical sub-system of the instrument uses the Digital Micromirror Device (DMD) to selectively direct light to different regions on to the petridish containing neurons. The optical sub-system is described as follows:
The light source is a Lightning Cure UV Spot Light Source (L7212-01) with a 200W Mercury Xenon lamp (part #L7212-01). In addition, strobe lamps are also used as light sources. Light is transmitted from each of these sources using a three branch quartz fiber light guide which directs the light onto the DMD via the optical pathway.
The illumination system collects the light from the strobe lamp with the quartz fiber optic cable and relays the light to a quartz integrator. Texas Instruments developed the quartz integrator rod for commercial DLP computer DLP sub-sy Magnifying Lens projection systems. The quartz integrator rod serves two purposes in the DOC system: first, the rod integrates the light intensity from the one of the lamps uniformly over a small area, and secondly the rod maps the light to the same aspect ratio as the DLP. The band of light is magnified using the magnifying lens prior to projection onto the DMD via flat front and spherical mirrors. The front surface mirror was mounted on an optical rotation mount (Newport part #RSP-2). An Opti-claw from New Focus (New Focus, part # 9854-K) held the spherical mirror. The spherical and flat surface mirrors were adjusted using the optical rotation mount and the Opti-claw. The spherical mirror, a 50mm focal length concave mirror, focuses the light onto the DMD.
The DLP sub-system of the instrument includes an analog card, digital video card, video receiver and a Digital Micromirror Device (DMD). The analog video and digital video driver cards interface with the computer through a PCI slot. The monitor of the computer transmits the image of the digital pattern to the video receiver card of the DLP subsystem. The video receiver card then sends the image of the pattern to the DMD which is then projected onto the collecting lens. The pattern of light was created in Microsoft Paint and transmitted to the DMD as a .bmp file. 
Epifluorescence microscope:
This microscope sub-system is placed with its left side port facing the DMD and the optical sub-system. Motic camera is attached to the left side port and Photometrics SenSys camera is attached to the right side port. Primary images are formed at both these ports which are important when quantifying the calcium concentration imaged using fura-2. The inverted microscope aids in keeping the objective of the microscope from dipping into the culture dish.
Temporal control:
Unlike other mammalian cells, genetically engineered neurons respond to light at very high speeds. The temporal control of these neurons is achieved in two directions both biologically and using external digital control board. The NI USB-6008 digital control board is used to experiment with different exposure durations.
SYSTEM OPERATION:
The system is to be run in two steps for controlling and manipulation of neural circuits: The filter cube is initially positioned to the mCherry filter cube. The mercury lamp is switched on and allowed to stabilize. The shutter in front of the lamp is opened and the light is then allowed to project onto the filter cube. The filter cube reflects between approximately 530nm to 580nm with approx 95% transmission at 560nm. This light triggers mCherry fluorescence and allows us to determine the spatial location of ChR2 channels. Images are acquired using the Motic camera. The number of pixels of the picture taken through the Motic camera (set to 1024 x 768) is equivalent to the number of mirrors (=pixels) on the DMD and hence the digital mask created coincides with the spatial location of the target cells/cellular components. The digital mask is determined based on the neurons to be targeted or the subcellular components of the neurons to be targeted. A digital mask is a gray scale image. It can be used to project different intensities on different cells or different parts of the cells. In this case, we use a binary digital mask. This mask will be used to illuminate either cells or cellular components with light. This procedure is then repeated for finding the spatial location of the NpHR channels. However, we use an EYFP filter cube since the NpHR channels are tagged to EYFP The UV lamp and strobe lamps are switched on and allowed to stabilize for 15 minutes. The NI LabVIEW program is then run. The program initializes the pulsing of the strobe lamp. The digital mask corresponding to the target ChR2 channels is sent to the DMD via the video card. The pulsing is allowed to continue for a pre-determined time. The program then overlaps the blue wavelength pulses with the yellow wavelength pulses by switching off the first strobe lamp and initializing the second strobe lamp. In this case, the digital mask corresponding to the spatial location of the target NpHR channels is sent to the DMD through the video card. The pulsing is allowed to continue for a predetermined time. At the end of these pulses, the filter wheel is triggered in order to position the 340nm filter in front of the UV lamp and a digital mask corresponding to the full illumination of the field of view is sent to the DMD via the video card. At this point, an image is acquired which corresponds to the Fura-2 imaging at 340nm. After a short fraction of a second (ideally to be immediately after the first image acquisition but limited by the hardware characteristics), the filter wheel is triggered in order to position the 380nm filter in front of the UV lamp. The digital mask corresponding to the full illumination of the field of view is allowed to stay on the DMD. At this point, an image is acquired that corresponds to the Fura-2 imaging at 380nm. The ratio of the two images gives the intensity based calcium concentration "spots". These "spots" can be characterized as hot spots and cold spots. The hot spots and cold spots would correspond to the spatial locations of maximum and minimum calcium concentration intensities respectively.
Generating Digital light masks for spatial selectivity of neurons/neural components
SYSTEM PERFORMANCE:
Converting pixel size to feature size in the petridish:
The optical setup is such that the light collecting lens was at a distance of 16cm from the DMD and 16.6 cm from the base of the objective on the microscope. Hence there was a magnification factor of 1.0375 due to the lens. If the objective used has a magnification factor of 10, the total magnification due to these lenses would be 10.375.
According to the technical specifications of the DMD, each mirror is a 17µm x17µm including the spacing between them. This mirror on the DMD corresponds to one pixel. Hence each pixel corresponds to 1.639µm on the slide (considering the magnification due to the lenses). Thus, a 1024 x 768 pixel matrix on the DMD converts to a 1678µm x 1258µm image on the slide.
Demonstration of a pattern of blue light on cells:
Figure 5: A "plus sign" pattern of UV+ blue light over neurons A "plus sign" pattern created by modulating the "wavelengths ranging from UV to blue light" and a "gray scale image created in Microsoft Paint" is projected from the DMD through a 40X objective onto a culture of neurons visible in the background. To be noticed is the pattern created using different gray level intensities to prove that different parts of the neurons/ groups of neurons can be illuminated with different intensities of light.
DISCUSSION:
This system thus gives us an optical tool to determine the "artificial" communication network of these neurons in the Petri dish by selectively turning them on and off. Also, this technique could be extended to brain slices from the hippocampus to decode the neural network. We thus plan to prove the efficacy of the system in both controlling the neural circuits and also decoding the communication network
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